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Visual suppression of low-spatial frequency information during eye movements is believed to contribute
to a stable perception of our visual environment. While visual perception has been studied extensively
during saccades, vergence has been somewhat neglected. Here, we show that convergence eye move-
ments reduce contrast sensitivity to low spatial frequency information around the onset of the eye move-
ments, but do not affect sensitivity to higher spatial frequencies. This suggests that visual suppression
elicited by convergence eye movements may have the same temporal and spatial characteristics as sacc-
adic suppression.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Eye movements and locomotion have the potential to generate
spurious motion information of our visual environment. Man’s
ability to perceive a stable visual environment despite those inter-
ferences has been the subject of scientiﬁc investigation for several
centuries. Over the last three decades, neural mechanisms have
been found which reduce contrast sensitivity to low-spatial fre-
quency information and shift receptive ﬁelds during oculomotor
responses (for reviews see Volkmann, 1986; Wurtz, 2008). Motion
sensitive channels are dampened by the former mechanism, while
the latter provides the observer with a stable percept of the visual
environment during eye movements (reviewed in Wurtz, 2008).
Visual suppression during saccadic eye movements and blinks
has been thoroughly investigated, but the effects of vergence eye
movements on visual perception have received little attention. Pre-
vious work (Manning, 1986; Manning & Riggs, 1984) has shown
that vergence eye movements suppress sensitivity to changes in
light intensity around the time of vergence onset. Results showed
reduced sensitivity to full-ﬁeld decrements of light by 0.5 log units
during convergence and divergence equally (Manning, 1986; Man-
ning & Riggs, 1984). Sensitivity was found to be reduced shortly
before the onset of the vergence eye movement (50–100 ms), max-
imum suppression was reached around vergence onset and sensi-
tivity recovered around 150 ms after the vergence onset. These
values are comparable to the temporal characteristics of visualsuppression found during saccadic eye movements (Manning,
1986; Manning & Riggs, 1984), but the spatial frequency selectivity
of this visual suppression remains uncertain.
This study explores the spatial frequency selectivity of visual
suppression during dynamic convergence eye movements. To this
end, contrast sensitivity was measured to test targets of low, mid
and high spatial frequencies presented at various time lags around
the onset of dynamic convergence eye movements induced by tilt-
ing mirrors.2. Methods
2.1. Subjects
Four subjects participated with informed consent in this study.
Subjects were aged 28–43 years with good ocular and general
health. Routine optometric examination of all subjects showed vi-
sion of 6/6 or better, normal binocular vision, and a near point of
convergence closer than 15 cm.2.2. Visual stimuli
Test stimuli were generated by a Pentium 3 computer on a 1900
RGB monitor (Vision Master Pro 450, Iiyama Electronics America,
Inc.) at a screen resolution of 1024  768 pixels and a frame rate
of 75 Hz. Stimuli were displayed using a 256-colour look-up table
and a 12-bit grey-scale resolution obtained by a custom video
summation device (Pelli & Zhang, 1991). The distance between
screen and subject was 1 m, giving an angular screen size of
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tor’s gamma non-linearity was corrected carefully using an OptiCal
photometer (Cambridge Research System Ltd.) interfaced to the PC.
Test stimuli were horizontal, sinusoidal gratings of 0.5 and 4 c/
deg and a square-wave grating with a fundamental component of
9 c/deg. The latter stimulus was presented as square wave, due
to an insufﬁcient number of pixels being available for generating
a grating with a sinusoidal luminance proﬁle. The test stimulus
was displayed randomly in one of two ﬁelds (the upper or lower
screen half) while the other ﬁeld had no signal. Each ﬁeld had a
rectangular form (19  7.2 deg). Spatial transient effects at the
stimulus edge were reduced by modulating linearly the stimulus
contrast from zero to the predetermined contrast value within
0.5 deg from the stimulus edge.
All gratings were presented for one screen frame (8-ms dura-
tion, considering stimulus size). At this duration, the stimulus con-
trast was sufﬁcient to unmistakably identify stimulus position at
supra-threshold levels. Participants used mouse buttons to indi-
cate the perceived position of the grating, and audio feedback
was given when the response was incorrect.
2.3. Procedure
Participants were seated and had their head placed on a chin
and head rest. Two tiltable mirrors were used 9 cm and 13 cm
(right and left eye respectively) in front of the participant to elicit
convergence eye movements (Fig. 1).Fig. 1. Illustration of the experimental setup. Participants looked at a central
ﬁxation spot (F) at 1 m distance with parallel mirrors (A) placed in front of their
eyes. Convergence eye movements were induced towards point F0 by tilting the
mirrors (B). The test stimulus (C) was presented randomly in the upper or lower half
of the monitor after a predetermined time lag.Participants were ﬁtted with a head-mounted, video-based eye
tracker (EyeLink I, SMI, Teltow, Germany) with a 0.016-deg spatial
resolution at a sampling frequency of 250 Hz to record eye move-
ments, and were asked to ﬁxate a black disc (0.2 deg diameter;
17 cd/m2 luminance) at the centre of a monitor at 1 m distance
(Fig. 1). Head movements were minimised with a chin rest. Each
session started with the calibration of the eye tracker’s horizontal
and vertical channels by changing the position of the ﬁxation disc
to 3.25 deg to the left, right, above and below the screen centre.
Fixation of the screen centre at 1 m distance was used as baseline
(0 deg) for recording of convergence eye movements following a
6.5 deg convergence stimulus. Each experimental trial started with
a warning beep, followed by a random, blank interval of 500–
700 ms, and the convergence stimulus triggered by the onset of
the mirrors’ tilting movement. This tilting movement (each mirror
3.25 deg outward) was accomplished within 31 ± 3 ms and the
mirrors remained for 3 s in that ‘converged’ position before return-
ing to the original, parallel position. The tilting mirror movement
was considered a step change for convergence eye movements. A
visual stimulus (a low, mid or high-spatial frequency grating)
was presented at three predetermined time lags (50, 150 and
300 ms). Individual contrast thresholds were obtained using a
method of constant stimuli. For each time lag, the grating contrast
had seven contrast levels (0.15 log units apart) which were deter-
mined in a preliminary session for each subject and grating spatial
frequency. Thus each session consisted of 420 trials presented in
random order. Participants were asked to report, by pressing an
appropriate mouse button, whether the visual stimulus appeared
in the upper or lower part of the screen. In each trial a time-locked
recording of the participant’s mouse button response, stimulus
contrast, convergence stimulus onset, and digitised eye move-
ments was obtained for ofﬂine analysis. For each experimental
condition data were collected in two or three sessions (840/1260
trials in total). After rejecting trials contaminated by blinks and
saccades, there were data from an average of 20 trials (range 15–
30) for each contrast level of the psychometric functions. Addition-
ally, each subject performed control sessions for each grating spa-
tial frequency in which the mirror system was static. This allowed
the subjects to maintain steady-state convergence towards the ﬁx-
ation cross at 1 m distance. In the control session, seven contrast
levels of the visual stimulus were presented randomly selected in
140 trials (20 trials per contrast level).2.4. Analysis
Data analysis was performed ofﬂine using custom made soft-
ware written in Matlab (Matlab 7.1, the MathWorks, Inc.). The cal-
ibrated horizontal eye movements of the left and right eyes for
each trial were analysed. The convergence eye movements were
calculated by subtracting the right eye horizontal positions from
the left eye horizontal positions. The amplitude of convergence
eye movements as a function of time was smoothed by averaging
data over a sliding 100 ms window. The velocity of the conver-
gence eye movements was calculated as the ﬁrst derivative of
amplitude as a function of time, smoothed with the same sliding
window. The onset of convergence eye movements was deﬁned
as the data point which exceeded 15% of peak velocity of the differ-
ence between right and left eye movement recordings (Fischer, Bis-
caldi, & Gezeck, 1997) and continued to do so for the next 100 ms
(Fig. 2). Additionally, the saccadic horizontal eye movements were
obtained by averaging the horizontal right and left eye positions.
The responses were manually inspected by the experimenter and
trials containing contaminations due to non-vergence-like eye
movements, blinks or/and saccadic eye movements (deﬁned as a
rapid change in saccadic amplitude >0.5 deg and completed in
Fig. 2. Amplitude (solid line) and velocity (dashed line) of induced convergence eye
movements. Individual convergence angles at 1 m distance were taken as baseline
(0 deg). Data for all subjects, recorded in the sessions measuring contrast thresholds
for detecting gratings of 0.5 c/deg, are shown. The arrows indicate the onset of the
convergence eye movements deﬁned as the point where velocity of the eye
movements exceeded 15% of the peak velocity and continued to do so for the next
100 ms.
Fig. 3. Data and psychometric functions obtained before, during and after the onset
of the convergence eye movements (solid symbols and solid lines), and without eye
movements (empty symbols and dashed lines). Data for subject DS are shown for
detecting gratings of 0.5 (A), 4 (B) and 9 (C) c/deg. Arrows illustrate the
corresponding threshold contrast at a ﬁxed proportion of correct responses (0.75,
horizontal lines).
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excluded from the data analysis (23% of the trials).
Data were grouped in bins of 50 ms within the range of 200 to
200 ms, where zero corresponded to the convergence eye move-
ment onset. For each bin and each contrast level, the number of vi-
sual stimuli and the number of correct responses were estimated.
Psychometric functions (PF), representing the proportion of correct
responses as a function of contrast level (C), were ﬁtted with a
Weibull function (Weibull, 1951) using
PF ¼ 1 ð1 c kÞe cað Þ
b
ð1Þ
With the one-interval two-alternative forced choice (2AFC)
method used in this study and therefore chance level, gamma (c),
had a ﬁxed value of 0.5. The lapses that explained the subject’s
stimulus-independent mistakes were given by the parameter
lambda (k). The parameter alpha (a) represented contrast thresh-
old at 0.64 proportion correct responses, and beta (b) determined
the slope of the function. Psychometric functions were ﬁtted using
bootstrap-software psigniﬁt, version 2.5 (Wichmann & Hill, 2001).
This software estimated contrast thresholds at 75% correct re-
sponses, and their 95% conﬁdence intervals using a bootstrap pro-
cedure with 2000 iterations. Statistical analysis included t-tests
with Bonferroni correction for pair-wise comparisons of individual
data points between control and dynamic convergence conditions.3. Results
Average onset latencies for convergence eye movements in all
experimental conditions did not differ signiﬁcantly amongst sub-
jects [one-way ANOVA, F3,11 = 3.98, P > 0.05; mean ± 95% conﬁ-
dence intervals: 223 ± 108 ms (MA), 140 ± 97 ms (SA),
204 ± 86 ms (DS) and 146 ± 58 ms (EM)]. Maximum velocities of
convergence eye movements differed signiﬁcantly between sub-
jects (one-way ANOVA, F3,11 = 18.89, P = 0.001). Post hoc Tukey
HSD test for multiple comparisons found that subject EM had a sig-
niﬁcantly (P < 0.05) higher maximal velocity (21 ± 5.2 deg/s) than
subjects MA (11.9 ± 2.5 deg/s), SA (15.0 ± 4.6 deg/s) and DS
(15.5 ± 2.7 deg/s). Eye movement recordings in the sessions mea-
suring contrast thresholds for detecting gratings of 0.5 c/deg are
shown in Fig. 2.
Fig. 3 represents data for subject DS for detecting gratings of 0.5
(Fig. 3A), 4 (Fig. 3B) and 9 (Fig. 3C) c/deg and the corresponding
psychometric functions obtained before, during and after the onset
of the convergence eye movements (solid symbols and solid lines).
For comparison, data and psychometric functions found in control
conditions without eye movements are shown by empty symbols
and dashed lines. Signiﬁcant suppression effects were found only
on the contrast threshold for detecting a grating of 0.5 c/deg
(0.29 log units).
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trast) are shown in Fig. 4 for all experimental conditions. Multiple
t-test comparisons with Bonferroni correction found that the con-
trast sensitivities in the dynamic convergence conditions, com-
pared with that in the control condition, were not signiﬁcantly
different for gratings of 4 and 9 c/deg excluding two data points
in subject EM’s 9 c/deg data (Fig. 4, EM). On the other hand, con-
trast sensitivities for gratings of 0.5 c/deg were signiﬁcantly
(P < 0.05) reduced during dynamic convergence before and during
the onset of the convergence eye movements (Fig. 4 and 0.5 c/
deg).
To quantify the suppression strength during convergence eye
movements across the tested subjects, we calculated the suppres-
sion index (100/(Sc  Sd)/Sc), which represents the normalised
sensitivity in dynamic conditions (Sd) to that in the control condi-
tion (Sc) (Fig. 5). One-sample t-tests with Bonferroni correction
revealed that the suppression indexes were signiﬁcantly different
from zero only for gratings of 0.5 c/deg before and during the on-
set of the convergence eye movements (42 ± 5.5%; 0.28 ± 0.04 log
units).Fig. 4. Contrast sensitivity during dynamic convergence eye movements (black lines, ope
convergence eye movements. Asterisks mark statistically signiﬁcant reductions in contra
bars (dynamic condition) and dashed grey lines (control condition) denote 95% conﬁden4. Discussion
This study explored the spatial frequency selectivity of visual sup-
pression during dynamic convergence eyemovements bymeasuring
contrast sensitivity to gratings of low, mid and high spatial frequen-
cies presented at various time lags around the onset of convergence
eyemovements. These datawere comparedwith contrast sensitivity
measured in free viewing conditionswithout eyemovements. In this
control condition, the highest sensitivity was found for the 0.5 c/deg
stimuli (71 ± 39) which declined for stimuli of 4 c/deg (22 ± 8) and
9 c/deg (8 ± 3.5). This low-pass form of the contrast sensitivity func-
tion in the range 0.5–9 c/deg is in line with data reported by Burr,
Morrone, and Ross (1994). The low spatial frequency decline in con-
trast sensitivity is usually attributed to the inhibitory surrounds of
the receptive ﬁelds of visual neurones. The lack of low spatial fre-
quency decline in contrast sensitivity for detecting brief stimuli
has been attributed to reduced inhibitory surrounds due to the short
duration of the visual stimulus (Nachmias, 1967).
Our study found reduced contrast sensitivity at stimuli of low
spatial frequency (0.5 c/deg) around the time of the onset ofn markers) and control condition (solid grey lines) before and after the onset of the
st sensitivity in the dynamic condition as compared to the control condition. Error
ce intervals of contrast sensitivity.
Fig. 5. Suppression index calculated as 100/(Sc  Sd)/Sc, where Sc and Sd represent
contrast sensitivity in the control and dynamic conditions, respectively. Asterisks
illustrate statistically signiﬁcant reduction in contrast sensitivity during dynamic
convergence eye movements. Error bars denote 95% conﬁdence intervals.
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Fig. 5) and a lack of suppression for stimuli of higher spatial fre-
quencies. Previous studies reported higher levels of suppression
(about 0.4–0.5 log units) for visual stimuli that consisted of full-
ﬁeld light decrements, i.e. the ultimate low-spatial frequency stim-
ulus, during vergence eye movements of about 2–3 deg (1 m dis-
tance ﬁxation and 40 cm near ﬁxation) (Manning & Riggs, 1984)
and 6–9 deg (30 cm distance ﬁxation and 15 cm near ﬁxation)
(Manning, 1986). These results show that the suppression of visual
stimuli, caused by vergence eye movements, is selective to low
spatial frequency information.
Research has shown that contrast sensitivity to stimuli of low
spatial frequency is reduced during the initiation of eye blinks
and saccadic eye movements (Burr, Morrone, & Ross, 1994; Ridder
& Tomlinson, 1997). In this study, trials with blinks and/or saccadic
eye movements were excluded from the data analysis. Hence,
these factors are unlikely to contribute to the perceptual suppres-
sion during convergence eye movements.
Saccadic suppression in detecting pattern stimuli (Diamond,
Ross, & Morrone, 2000) or target displacement (Bridgeman, Hen-
dry, & Stark, 1975) occurs typically within a period of 50 ms before
and 50 ms after the onset of saccades, being maximal at the mo-
ment of saccadic onset. We found that convergence suppression
(Fig. 5 A) occurred within a wider period (200 ms before to
50 ms after the onset of convergence eye movements). These ﬁnd-
ings include an unexpected result that convergence suppression of
contrast sensitivity to low spatial frequency may occur around the
onset of the vergence stimulus when there are no changes in theposition of the eyes. A similar effect at the time of the onset of sac-
cade or pursuit stimuli was reported by Schütz, Braun, and Gegen-
furtner (2007). This effect is thought to be related to reduced
attentional resources allocated to the visual stimulus due to
engagement of attention for processing the eye-movement stimu-
lus (Schütz, Braun, & Gegenfurtner, 2007). Such an attentional
mechanism would produce a reduction of contrast sensitivity at
the time of vergence stimulus onset regardless of the spatial fre-
quency of the visual stimulus. However, we did not ﬁnd these ef-
fects for stimuli of higher spatial frequencies. Therefore, these
attentional mechanisms are unlikely to explain our data.
Hung et al. (1989) measured the loss of sensitivity to a brief dis-
placement of horizontal lines during 4 deg convergence eye move-
ments. They found that the suppression of sensitivity to target
displacement began about 200 ms before and continued until
350 ms after the onset of convergence eye movements, with max-
imum loss (0.25–0.30 log units) occurring at 25–125 ms after con-
vergence onset. The similarity between these ﬁndings and our data
suggests that such prolonged vergence suppression, compared to
saccadic suppression, might be a basic characteristic of vergence
eye movements. Further studies are required to establish the rea-
sons for the differences between the time courses of saccadic and
vergence suppressions.
Studies, investigating suppression during blinks and saccades,
have suggested that corollary discharge signals elicited in midbrain
areas together with each motor command affect the motion sensi-
tive magnocellular pathway of the visual system (Burr, Morrone, &
Ross, 1994; Ridder & Tomlinson, 1997). Despite the variation in
saccadic and vergence time course, these types of visual suppres-
sion begin before the onset of saccadic or vergence eye movements
and reach a peak for stimuli given during or just before the eye
movements. Therefore, it seems reasonable to speculate that the
visual suppression during convergence is produced by a similar
corollary discharge mechanism (Manning, 1986).
Recently we reported a new type of selective reduction of con-
trast sensitivity to high spatial frequency patterns during the fast
phase of dynamic accommodation responses compared with stea-
dy-state accommodation (Mucke et al., 2008, 2010). Contrast sensi-
tivity, however, was not altered during attempted accommodation
responses in the absence of crystalline-lens changes due to cyclo-
plegia. These ﬁndings suggest that contrast sensitivity reduction
during dynamic accommodation may be due to cortical inhibition
of the parvocellular visual pathway driven by proprioceptive-like
signals originating within the ciliary muscle.
There are well reported cross links between convergence and
accommodation (for review see Schor & Ciuffreda, 1983; pp. 99–
192). In this experiment both accommodation and convergence
were operating under closed-loop conditions, and subjects were
required to maintain their steady-state accommodation response
level while increasing their convergence angle. While decoupling
of vergence and accommodation can lead to perceptual distortions,
fatigue and even adaptive changes in the accommodation/conver-
gence cross-links after prolonged viewing (for review see Hoffman
et al., 2008), brief exposure to conﬂicting accommodation and ver-
gence stimuli is usually tolerated well by the visual system (Bhar-
adwaj & Candy, 2009).
The differentiation between reductions in contrast sensitivity
due to convergence responses on one hand, and accommodation
responses on the other, is aided by the circumstance that conver-
gence-induced accommodation responses exhibit latencies that
are approximately 100 ms longer than disparity-induced vergence
responses (Heron, Charman, & Schor, 2001; Krishnan, Shirachi, &
Stark, 1977; Suryakumar et al., 2007). Furthermore, accommoda-
tion responses causing optical blur would reduce contrast sensitiv-
ity predominantly for high-spatial frequency information while
sparing mid- and low-spatial frequency information (for review
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accommodation responses during dynamic convergence eye move-
ments, contrast sensitivity would also be reduced for the high spa-
tial frequency test stimuli, but not for the low spatial frequency
test stimuli (Mucke et al., 2008, 2010). Hence, if accommodation
responses had occurred in our study, the temporal and spatial
characteristics of the reduction in contrast sensitivity would have
shown different results from those presented here.
The ‘near triad’ dictates that convergence not only elicits an in-
crease in accommodation amplitude, but also a decrease in pupil
diameter. However, moderate changes in pupil size have previ-
ously been shown to spare contrast sensitivity (Kay & Morrison,
1987). Especially in photopic conditions, pupil size changes will
not signiﬁcantly affect the in-focus contrast sensitivity (Sloane,
Owsley, & Alvarez, 1988; Strang, Atchison, & Woods, 1999; Wood-
house, 1975). Pupil size changes are more likely to have an inﬂu-
ence in defocussed conditions (Strang, Atchison, & Woods, 1999;
Woods, Strang, & Atchison, 2000), but the fact that no loss in sen-
sitivity to high spatial frequency information was found in our data
suggests that the conditions were not defocussed.
The signiﬁcantly reduced contrast sensitivity for two dynamic
data points found for high spatial frequency information (subject
EM, Fig. 4) cannot be readily explained. If the observed reduction
were caused by ocular accommodation and therefore a blurring
of the test stimulus, subsequent data points should also have been
affected. The participant EM did not report any unusual observa-
tions after the experiment, such as tiredness or distracted attention
during the trials.
Convergence latencies in this study agree with those reported
previously (Busettini, Fitzgibbon, & Miles, 2001; Busettini, Masson,
& Miles, 1996; Leigh & Zee, 1999; Tyler et al., 2012). Divergence
eyemovementswere not tested in this study. Previously reported re-
sults showa similar reduction in contrast sensitivity for both conver-
gence and divergence eye movements (Manning, 1986; Manning &
Riggs, 1984). Assuming that visual suppression is used to maintain
image stability, similar results would be predicted. However, this
prediction should be tested experimentally in more detail as differ-
ences in convergence and divergence response dynamics are known
to exist (Horng et al., 1998; Hung, Zhu, & Ciuffreda, 1997; Tyler et al.,
2012; Zee, Fitzgibbon, & Optican, 1992). These differences in re-
sponse dynamicsmay affect the magnitude and temporal character-
istics of visual suppression during divergence eye movements
towards visual stimuli of various spatial frequencies.
Saccadic and vergence eye movements, together with ocular
accommodation enable us to explore our 3D visual environment.
The stability of this environment is maintained during saccadic
and vergence eye movements due to reduced contrast sensitivity
to low spatial frequency information and during ocular accommo-
dation owing to suppression of high spatial frequency information.
These suppressive effects highlight the cortical ﬁltering that occurs
during everyday ocular movements. These effects should be con-
sidered when creating economical, artiﬁcial neural networks to mi-
mic visual processing, as implemented for instance in binocular
robot perception.Acknowledgment
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